Apoptosis is responsible for cochlear cell death induced by noise. Here, we show that transgenic (TG) mice that overexpress X-linked inhibitor of apoptosis protein (XIAP) under control of the ubiquitin promoter display reduced hearing loss and cochlear damage induced by acoustic overstimulation (125 dB sound pressure level, 6 h) compared with wild-type (WT) littermates. Hearing status was evaluated using the auditory brainstem response (ABR), whereas cochlear damage was assessed by counts of surviving hair cells (HCs) and spiral ganglion neurons (SGNs) as well as their fibers to HCs. Significantly smaller threshold shifts were found for TG mice than WT littermates. Correspondingly, the TG mice also showed a reduced loss of HCs, SGNs and their fibers to HCs. HC loss was limited to the basal end of the cochlea that detects high frequency sound. In contrast, the ABRs demonstrated a loss of hearing sensitivity across the entire frequency range tested (2-32 kHz) indicating that the hearing loss could not be fully attributed to HC loss alone. The TG mice displayed superior hearing sensitivity over this whole range, suggesting that XIAP overexpression reduces noise-induced hearing loss not only by protecting HCs but also other components of the cochlea.
INTRODUCTION
Exposure to hazardous noise is the primary cause of hearing impairment in North America. 1 Noise-induced hearing loss (NIHL) is thought to result primarily from damage to the organ of Corti (OC) in which hair cells (HCs), particularly outer hair cells (OHCs), are considered the most vulnerable. 2 Although OHC loss is a contributing factor to NIHL, hearing deficits are not closely correlated with the number of missing OHCs, suggesting that the death of other cell types in the cochlea has an important role in the development of NIHL. [3] [4] [5] For example, loss of spiral ganglion neurons (SGNs) 6 and cell death in structures outside the OC such as the stria vascularis may also contribute to NIHL. [7] [8] [9] [10] [11] Both necrosis and apoptosis have been implicated in NIHL. [12] [13] [14] Their relative contribution to noise-induced cochlear cell death changes with the types of acoustic exposures and the location along the cochleae relative to the center region where damage is centered on. [12] [13] [14] [15] Nevertheless, apoptosis is thought to have a significant role in noise-induced damage of the cochlea. 14, 16, 17 Apoptosis may be executed by a family of cysteine proteases called caspases. [18] [19] [20] To date, 14 caspases have been identified that are broadly divided into two groups, initiator (caspase-6, -8, -9 and -10) and executioner (caspase-2, -3 and -7). 18, 21, 22 In NIHL, apoptosis resulting from activation of the extrinsic pathway (caspase-8) or the intrinsic pathway (caspase-9) has been observed. 12, 13, 15, 16 These two pathways converge on caspase-3, the final executioner of apoptosis. Both the intrinsic and extrinsic pathways are opposed by members of the inhibitor of apoptosis protein (IAPs) family. [23] [24] [25] The IAP family consists of eight members that have at least one baculoviral inhibitor of apoptosis repeat domain. The IAPs play a central role in cell survival such that a reduction of the apoptotic threshold occurs upon their downregulation. 26, 27 Whereas IAP overexpression increases resistance to a variety of triggers of apoptotic cell death. [28] [29] [30] Among the IAP family members, X-linked inhibitor of apoptosis (XIAP) is considered to be the most potent because of its ability to strongly suppress caspase-3 activity. 31, 32 In the case of in vivo models for stroke and Parkinson's disease, XIAP overexpression not only renders neurons more resistant to cell death but preserves normal function. [33] [34] [35] The C57BL/6J mouse strain is known for its rapid development of hearing loss with aging. [36] [37] [38] [39] Using C57BL/6J mice that overexpress human XIAP under control of the ubiquitin promoter (ubXIAP), we have found that in comparison with wild-type (WT) littermates, ubXIAP mice showed a delay in the development of presbycusis, which was also associated with a reduction in cochlear HC loss. 40 In this study, we have used these transgenic (TG) mice to determine the effects of XIAP overexpression on NIHL and associated cochlear damage. Figure 1 shows the ABR threshold shifts 1 and 4 weeks after exposure to acoustic overstimulation of 125 dB sound pressure level (SPL) for 6 h. Although the acoustic overstimulation occurred at two frequencies (1 and 6 kHz), the threshold shifts appeared to be greater at middle to high frequencies (4 kHz and above) than at the lower frequency (2 kHz). The baseline recording before acoustic overstimulation shows the ABR thresholds are equivalent between the two groups (Table 1) . There was a rapid initial partial recovery in ABR thresholds shortly after the acoustic overstimulation (data not shown). However, no further recovery was found after 1 week so that the two sensitivity curves for each group obtained at 1 and 4 weeks after the acoustic overstimulation were virtually identical to those obtained at 1 week. Most importantly, the threshold shifts were much less (by 10 to 25 dB) in the TG than in the WT group (Figure 1 ). An analysis of covariance (fixed factor: genotype; covariate: frequency) identified a significant effect of genotype (F 1,147 ¼19.468, Po0.001). Post-hoc tests (t-test with Bonferroni correction) showed that significance was found between groups at all frequencies at both time points (1 and 4 weeks). These results indicate that TG mice engineered to express higher than normal levels of XIAP in the cochlea were protected against NIHL.
RESULTS

Auditory brainstem response (ABR) threshold shifts after acoustic overstimulation
HC loss
Cytocochleograms were successfully established for 19 cochleae from TG mice group and 16 cochleae from WT controls. Figure 2 shows the average IHC (left) and OHC (right) loss resulting from the acoustic overstimulation as a function of percent distance from the cochlear apex. Unlike the widespread functional hearing loss, which encompassed the low-frequency transducing regions of the cochlea, the actual anatomical losses of both IHCs and OHCs in both groups were limited to the basal end of the cochlea (within the region for sound frequencies above 10 kHz).
A significant amount of HC loss was seen in both groups, although HC loss was much less in TG than WT mice. This indicates that compared with WT mice, TG mice that overexpress XIAP displayed reduced HC loss after acoustic overstimulation. The averaged total HC loss per cochlea (IHC+OHC loss) in the WT group was 501.76±247.68 (mean±s.e.m.) per ear, whereas the corresponding number for the TG mice was 240.37 ± 207.80 per ear. The data of both ears from each animal were further averaged to generate the number of HCs for each individual in which two cochleae were used for HC evaluation. The difference was further compared across groups and was found to be statistically significant (t 28 ¼3.632, P¼o0.001). The loss of both IHCs and OHCs show a similar trend. However, the percentage of IHC loss is much less prominent than that seen in the OHCs in both WT and TG groups, and was more restricted to the higher frequency region. Figure 3 shows representative images of surface preparations of the cochlea in which sensory HCs from both WT and TG mice exposed to acoustic overstimulation are visible. These eight low-magnification images represent four distinct descending levels from the apical (top four panels) to basal (bottom four panels) turns of the cochlea. These four segments from each cochlea cover more than 90% of the entire cochlea. In the representative WT mouse, HC loss (mostly the OHCs) was restricted to the extreme basal end of the cochlea that encompassed the hooked region (bottom left panel). HC loss was greater in WT (bottom left panel) than TG mice (bottom right panel).
Damage to SGNs and their fibers
The cochlear lesion induced by the acoustic trauma was further evaluated in terms of the damage to SGN cell bodies and their dendrites to IHCs (nerve fibers). Figure 4 shows typical images of cochlear cross-sections stained with Toluidine blue. SGN cell bodies were counted at four locations as indicated in Figure 4a (1-4). The insert shows a magnified image of location 1 where SGN cell body counts were performed. The a-a line in Figure 4a indicates the location and the orientation of the cross-section revealing habenular perforatae in which the number of auditory nerve fibers (SGN dendrites) were counted.
The first finding from this cross-section analysis was that, acoustic trauma produced a reduction of the number of dendrites across a larger region of the cochlea compared with HC loss seen in the cytocochleogram. In Figure 4b , the arrow indicates habenular perforatae in the apical turn where an obvious loss of dendrites is seen. In this region, however, the threshold shift in ABR was less and no sensory HC loss was found. Figure 5 demonstrates exemplary images of the habenular perforatae from the basal turn of a cochlea of a noacoustic overstimulation control at low magnification (top panel) and high magnification (bottom panel). Individual dendrites can be seen in the bottom panel of Figure 5 , which were counted to assess fiber loss. Figure 6 shows the images taken at the levels of the basal (upper panel) and apical turns (lower panel) of a cochlea damaged by the acoustic overstimulation. In the middle panels of Figure 6 , a massive loss of dendrites was evident in both turns (left middle panel, basal turn; right middle panel, apical turn). Therefore, unlike the loss of HCs, which was restricted to a small region of the cochlea (Figure 3 , lower left panel), the acoustic overstimulation produced a widespread loss of SGN dendrites in the cochlea ( Figure 6 ).
To quantitatively evaluate the severity of the auditory nerve lesion, the number of SGN dendrites were counted in 10 habenular perforatae, respectively, at the apical and basal turns for each cochlea. The total number of dendritic fibers counted in the 20 habenular perforatae were 2160 ± 48 (n¼10, control), 1300 ± 113 (n¼10, WT acoustic overstimulation) and 1586 ± 53 (n¼10, TG acoustic overstimulation) for the no-acoustic overstimulation control, WT and TG groups, respectively. Although fiber numbers for both acoustically-damaged groups (WT and TG) were significantly lower than the non-acoustic overstimulation control, TG mice had significantly more dendritic fibers than WT mice (t 18 ¼2.434, P¼0.026). Hence, XIAP overexpression also protected against the loss of dendritic fibers arising from SGNs. Similar to the loss of SGN dendrites there was a massive loss of SGN cell bodies following the acoustic overstimulation. Figure 7 shows XIAP protection against acoustic trauma in mice J Wang et al images of SGN cell bodies in a cochlear cross-section through the Rosenthal canal of a no-acoustic overstimulation control (left panels), and WT animal exposed to acoustic overstimulation (right panels).
The upper panels show images from the apical turn and the lower panels correspond to the basal turn of the cochlea. In each cochlea, SGN cell bodies were counted at four locations: twice at both the basal XIAP protection against acoustic trauma in mice J Wang et al and apical turn. At each of these levels the numbers of SGN cell bodies were averaged from two sections that were separated by over 100 mm in distance. The total of SGN cell body counts from the four levels was used as the index of SGN cell body density for each cochlea. The averaged counts for each ear were 308 ± 11 (n¼10), 222 ± 7 (n¼10) and 261 ± 4 (n¼10) for the control, WT and TG groups, respectively. Although the acoustic overstimulation reduced the number of SGN cell bodies in both WT and TG groups relative to no acoustic overstimulation controls, the reduction in SGN cell bodies for the TG group was significantly smaller (t 18 ¼2.44, P¼0.02) than that of the WT group. Consequently, elevated XIAP levels in TG mice also reduced the loss of SGN cell bodies compared with WT littermates exposed to acoustic overstimulation.
Western blotting for XIAP Both ub-and endo-XIAPs were analyzed in a semi-quantitative manner by densitometry using b-actin, a housekeeping protein, as a loading control. The levels of both XIAPs were normalized according to the levels of b-actin. The level of ubiquitous X-linked Inhibitor of Apoptosis Protein (ub-XIAP) was found to be unchanged by acoustic overstimulation (0.654 ± 0.039 in control mice, n¼5 (10 ears from five mice) versus 0.634 ± 0.021, n¼15 (30 ears from 15 mice) in the group of acoustic overstimulation, t 17 ¼0.739, P40.05). The level of endo-XIAP in the control mice (without acoustic overstimulation) was 0.564 ± 0.64, and 0.441 ± 0.043 for the TG and WT group, respectively, with no significant difference (P40.05). The endo-XIAP levels were higher in the corresponding groups exposed to acoustic overstimulation (0.718 ± 0.041 for the TG group and 0.808 ± 0.053 for the WT group, n¼15 for each). Figure 8 shows the ratio of endo-XIAP to b-actin in both the control and groups exposed to acoustic overstimulation. one-way analysis of variance was performed on two factors: genotype and acoustic overstimulation, after the conversion of ratio values to their square roots. The effect of acoustic overstimulation was found to be significant (F 1,79 ¼23.37, Po0.001), whereas the effect of genotype was not significant (F 1,79 ¼0.307, P40.05). However, there was a significant interaction between the two factors (F 1,78 ¼4.9, P¼0.029), which is evident by a larger noiseinduced increase of endo-XIAP in the WT group (from 0.441±0.043 in the control to 0.808 ± 0.053 in the subgroups with acoustic overstimulation) than in the TG group (from 0.564 ± 0.64 in the control to 0.718±0.041 in the subgroups with acoustic overstimulation).
DISCUSSION
The key finding of this study is that mice with overexpressed XIAP displayed reduced NIHL compared with their WT littermates. WT mice developed greater threshold shifts after acoustic trauma than TG mice throughout the frequency range tested. Correspondingly, the loss XIAP protection against acoustic trauma in mice J Wang et al of sensory HCs, as well as SGNs, and their dendrites to the HCs were significantly less in the TG than WT group. These results suggest that XIAP overexpression reduced NIHL, at least in part, by decreasing noise-induced damage to the cochlea. In addition to the protective effect of XIAP overexpression against acoustic overstimulation, it is also possible that the inner ears of TG mice were healthier before the acoustic trauma because TG mice showed a delayed development of presbycusis, as reported in our previous study. 40 However, this potential confounding factor can largely be ruled out because the control recordings of ABR do not show any difference in hearing status across groups (Table 1) and there is no difference in HC counts in TG mice and WT mice at this age when the cochleogram normative values were established in our lab (data not reported).
Cumulative evidence suggests that the acoustic overstimulation can cause cell death in the cochlea by several different but overlapped pathways. 12 Noise drives excessive mitochondrial activity, resulting in the formation of reactive oxygen species that contribute to apoptotic death in the OC. 41 The JNK pathway, known to be redox regulated and pro-apoptotic, has been implicated in inner ear cell death produced by ototoxins (aminoglycosides) and excessive noise. 42, 43 In recent years, the mechanical effect of noise on the point of contact of HCs to the surrounding cells and the extracellular matrix has been recognized as a trigger for a specific apoptotic cell death called anoikis. 14, [44] [45] [46] [47] However, this type of cell death may also be due to oxidase activation. XIAP is thought to inhibit both JNK signaling and reactive oxygen species production by activating the NF-kappaB pathway. 48 Consequently, XIAP may reduce NIHL by opposing both caspase-dependent and -independent cell death pathways. These multifaceted activities make XIAP an attractive therapeutic candidate for the prevention of NIHL by gene therapy.
Various intervention strategies have been evaluated to protect cochleae from noise-induced damage. Many previous studies have used antioxidant methods to suppress reactive oxygen species, which may be overproduced by noise exposure. [49] [50] [51] [52] [53] [54] [55] Although variation exists in the degree of protection offered by these agents, significant protection has been identified both functionally as reduced threshold shift and morphologically as decreased HC loss in these antioxidant therapeutic studies. Consistent with a role for the JNK pathway in noise-induced cochlear cell death, inhibitors suppressing this stress kinase pathway have also been shown to be protective. 56, 57 Tearing and stressing of the cell junctions between HCs have been observed in the noise-exposed cochlea. 46, 51 Decreased cell attachment or cell stress can activate members of the Src family of tyrosine kinases resulting in cell death by a process called anoikis. Experimentation using chemicals that inhibit Src kinases showed that anoikis also contributes to NIHL. 58, 59 Although quantitative comparison of the degree of protection produced by different protective strategies for NIHL is impossible because of differences in species, noise-exposure regimen and the morphological methods, the degree of reduced HC loss and the threshold shift observed in this study are comparable, if not superior to that reported for alternative treatments.
In most of these previous studies reviewed above, exogenous protective agent(s) was/were applied systematically or by cochlear infusion. As these agents will be removed by metabolism, the protection may last for only a short period of time. This study suggests an approach by manipulation of one or more genes regulating cell death. Such manipulation can be performed through cochlear gene therapy, which will provide long-term protection. A study is underway in our laboratory to explore the technology necessary for this application.
Nevertheless, none of these treatments completely protect against NIHL, suggesting that noise causes cochlear cell death by multiple pathways, which cannot be prevented completely by blocking a single pathway. Although XIAP overexpression reduced NIHL in this study, protection was not complete for which there are several potential reasons. First of all, hearing loss induced by noise results in part from necrotic damage that cannot be prevented by XIAP. Furthermore, lesions around HCs can cause malfunction without resulting in cell death. Discrepancies between the actual amount and distribution of HC (especially OHC) death and the threshold shifts have been well reported. 3, [60] [61] [62] [63] Non-lethal damage to HCs and accessory structures in the OC have long been considered to have essential roles in NIHL. One of the most likely loci for this is the stereocilia and tip links. 3, 4, 63, 64 Another possibility is damage to the lateral walls of the OHCs, especially structures related to the function of prestin, 5,61,62,65,66 the motor protein critical for the function of OHCs as a mechanical amplifier. [67] [68] [69] [70] The acoustic overstimulation used in this experiment was intense and produced a widespread threshold shift, although larger threshold shifts were seen above 4 kHz. At the lowest frequency tested (2 kHz), the threshold shifts in both groups were small. Such deterioration in hearing function across a large frequency area is more likely because of the damage to structures involved in cochlear transduction and mechanical amplification. Such damage is unlikely to occur by apoptosis and is therefore beyond the scope of protection exerted by XIAP overexpression.
Data in several recent reports and in our present study show widespread noise-induced lesions in the auditory N-terminal and SGN loss in mice. 4, 6, 63 This is interesting because the damage to the dendrites of SGNs, and even the death of SGNs, were seen in regions of the cochlea where there was no significant HC loss and limited or no functional hearing loss. However, more experiments are needed to see if this lesion can occur in other species that possess bigger cochleae and therefore have a longer distance between the IHC-SGN synapses and the soma of SGNs. In this study, a similar loss in auditory nerve fibers was found 1 month after the acoustic overstimulation. However, the partial loss of SGNs may not be responsible for the threshold shift. Measurements taken at this time identified a smaller loss of SGNs than of nerve fibers. More SGN loss is expected if sampling at longer intervals after the acoustic overstimulation, according to previously published data. 6 A second possible reason for the limited protection in this TG model is because of the limited elevation of the XIAP level and the potential interaction between the ub-XIAP and the endo-XIAP. The exogenous xiap gene promoted by ubiquitin resulted in a doubling of total XIAP level in the control cochleae. As apoptosis is an important physiological mechanism for controlling early development, it would be a concern to increase the XIAP too highly. Otherwise, animals may not go through normal development. In addition, the level of the ub-XIAP was constant because of the lack of regulating zones in the transgene and therefore it did not respond to the stress of acoustic overstimulation. Furthermore, the acoustic overstimulation-induced elevation of endo-XIAP level is relatively small in the TG group, indicating potentially a negative feedback from the ub-XIAP to the regulating mechanism for the endo-XIAP.
It is also possible, because of the high levels of the acoustic overstimulation, that the internal protective mechanisms mediated by XIAP are not activated promptly enough to protect the cochlear cells. Therefore, a constant high level of exogenous XIAP may be required for an ideal protection. This can be achieved by local gene transfection, thus, avoiding the potential impact on development and other side effects (such as tumor growth) of TG manipulation at the genome level.
In summary, this study demonstrated C57BL/6J mice with overexpressed XIAP displayed partial resistance to NIHL and displayed a reduced cochlear cell death. This protection resulted in smaller threshold shifts and a reduction in the loss of IHCs, OHCs, SGNs and auditory nerve fibers in TG mice. The shifts in auditory thresholds were present across the entire frequency range; however, HC damage was restricted to the basal end of the cochlea demonstrating an indirect relationship between HC loss and the functional measures.
MATERIALS AND METHODS
Subjects and experiment overview
TG founders were generated as previously described. 71 Briefly, a linearized plasmid construct consisting of the Ubiquitin C promoter, six repeats of the 9E10 myc epitope tag fused to the amino terminus of the human XIAP coding region, and a polyadenylation signal from stria vascularis-40 was microinjected into the male pronucleus of C57BL/6J X C3 H F1 zygotes. C57BL/6J X C3 H F1 offsprings were backcrossed over 15 generations against the WT C57BL/6J mice to obtain ub-XIAP TG animals on a pure C57BL/6J genetic background. To obtain WT littermates as controls, ub-XIAP animals were crossed with WT C57BL/6J mice. TG status within the colony was determined by PCR targeting the 6-myc tag. All TG mice and their WT littermates used in this experiment were bred in the Facility for Animal Care, Dalhousie University, Halifax, NS, Canada. The impact of acoustic trauma on hearing function and cochlear morphology was examined in two groups of mice, one comprised of 15 ubXIAP (TG) animals and the other 15 WT littermates. These mice were recruited into the experiment at the age of 1-1.5 months. Frequency-specific ABR were recorded as an index of hearing status before and at different time points up to 1 month after the acoustic overstimulation. Those animals with abnormal hearing, verified by a baseline test, were excluded. After the final ABR test, all mice were killed under deep anesthesia and their cochleae were harvested. From the first five mice in each group, both ears were used for cytocochleograms in surface preparation for HC loss. However, any two cochleae that were taken from one animal were considered as one sample point by averaging their HC count values in the statistical analyses. In the remaining 10 mice in each group, one ear from each mouse was used for cytocochleograms and the other for evaluating the damage to SGNs and nerve fibers by cross-sectioning. In addition, six cochleae from six mice experiencing no acoustic trauma were used to establish control norms for the axon fibers and SGN counts. To evaluate the impact of acoustic overstimulation on the level of XIAPs (both endogenous and that from the transgene), an additional 40 animals (20 WT and 20 TG) were used for western blot analysis. In each genotype, 10 cochleae from five mice were used as no-noise controls and the other 30 cochleae from 15 mice were harvested 24 h after exposure to the acoustic overstimulation.
ABR recording
For ABR recordings, mice were anaesthetized with Ketamine+Xylazine (80-100 mg kg À1 +10 mg kg À1 , respectively, i.p.). An additional one-fourth of the initial dose was administered as needed to maintain anesthesia. The mice were placed on a thermostatic heating pad to ensure the body temperature remained at 38.5 1C during the procedure. Tucker-Davis hardware and BioSig software (Tucker-Davis Technology system III, Alachua, FL, USA) were used for the signal generation and acquisition of ABR in response to tone bursts of 2-32 kHz in octave steps. The tone burst, with a duration of 10 ms and rise/fall of 1 ms, was delivered through a broadband electrostatic speaker (ES1 from TDT) which was placed 10 cm in front of the animal's head in a sound-proof booth. At each frequency, the signal was presented from 90 dB SPL down to 10 dB SPL in 5-10-dB steps. The sound level was calibrated using a 1/4-inch B&K (Skodsborgvej, Denmark) condenser microphone (Model 4939), which was placed at the position that would be occupied by the head of the animal. The output of the microphone was examined using SigCal software from TDT.
Subdermal electrodes were used for ABR recording, with the active recording electrode on the vertex of the skull and the reference, and ground behind each ear. The responses were band-pass filtered between 100-3000 Hz, amplified and averaged over 1000 times with a repetition rate of 21.1 s À1 . The threshold was judged as the lowest SPL at which a repeatable response was visible. If no waveform was identified at the highest presentation level (90 dB SPL) for a particular frequency, the threshold was then documented as 100 dB SPL.
Acoustic overstimulation
Mice were exposed to the acoustic overstimulation for 6 h in a sound proof booth, unanesthetized and unrestrained, numbering five animals per each cage. The acoustic signal consisted of two pure tones at 1 and 6 kHz, respectively, and with equal intensity to make the total level of 125 dB SPL.
Cytocochleogram
The methods for determining cochlear morphology are similar to those reported by others. 72, 73 After the final ABR test, the mice were deeply anaesthetized with an overdose of ketamine, and the cochleae rapidly harvested. Surrounding soft tissues were removed and the round window and oval window were both opened. A small hole was made with a needle at the apex of the cochlea for perfusion and staining. The staining solution for succinate dehydrogenase histochemistry was freshly prepared by mixing 0.2 mol sodium succinate (2.5 ml), phosphate-buffered saline (2.5 ml) and nitro-tetranitro blue tetrazolium (5 ml). The cochlea was gently perfused through the hole at the cochlear apex and the opened round and oval windows. Following this, the cochlea was immersed in the succinate dehydrogenase solution for 45 min at 37 1C and then fixed with 10% formalin for 4 h. After fixation, the cochlea was decalcified with 5% Ethylenediaminetetraacetic acid (EDTA) solution for 3 days. The OC was dissected and surface preparations were made on slides. The cytocochleogram was determined by the spatial-percentage count of missing HCs along the cochlear duct and was established against the norm for C57 mice using custom software (as previously reported by Wang et al. 74 ). HC loss was then measured in the prepared sections of the OC.
Cochlear cross-sections
Histological preparations for the examination of the SGN lesion were similar to that of the cytocochleogram preparation with slight modifications. Briefly, the cochlea was perfused with 2% glutaraldehyde in phosphate-buffered saline buffer for fixation. After the perfusion, the cochlea was immersed in the fixative for 6 h at 4 1C, followed by decalcification in 5% EDTA for 3 days. The cochlea was further fixed in 1% osmium acid for 1 h at room temperature and then dehydrated in grade ethanol. Then, the sample was infiltrated with a 1:1 volume ratio of propylene oxide+Epon at room temperature overnight and transferred into 100% Epon for 4 h. Next, the sample was immersed in 100% Epon in container to be hardened in oven at 60 1C for more than 12 h. Semi-thin crosssections of 1.5-2 mm were made along the axes of modiolus with microtome equipment and were transferred to a glass slide, stained with 1% Toluidine blue for 1 min, and then examined under a light microscope. The number of SGN cell bodies was counted in the Rosenthal canal at four locations corresponding to turns along the cochlear duct (two positions each for the basal and apical turns of the cochlea; four positions in total, see Figure 4 ). At each location, 10 sections were taken to cover a distance over 0.4 mm and the SGN cell body counts averaged from the 10. The numbers of auditory nerve fibers (dendrites from the SGN) were also counted in the sections crossing the habenular perforatae. For this measure, dendrites in the habenular perforatae immediately proximal to the Rosenthal canal were quantified. The number of nerve fibers was averaged from 10 habenular perforatae in each turn for each ear. The counting of nerve fibers (dendrites originating from SGNs) and SGN cell bodies was carried out using the cell counter function of ImageJ software (NIH, Rockville Pike Bethesda, MD, USA).
Western blotting
Western blotting analysis was used to quantify the levels of both endogenous XIAP (WT) and human XIAP derived from the ub-XIAP transgene (TG mice) in the cochlea. Electrophoresis was performed in the western blot apparatus to separate the proteins in a membrane according to their mass. For this electrophoresis analysis, proteins were extracted from the soft tissue of the cochlea and a piece of brain, measuring 2 mm 3 , from every animal using a standard protocol. Tissues were homogenized in RIPA buffer (1% Triton X-100, 1% SDS, 8.77% NaCl, 2.42 Tris-HCL base and 5% Deoxycholic acid, pH8) and then centrifuged at 14 000 g for 10 min at 4 1C. Supernatants were transferred to a new 1.5-ml tube. Protein concentrations were estimated using Bio-Rad (Hercules, CA, USA) reagent and a microplate reader (Elx 800 UV, Bio-tek Instrument Inc., Winooski, VT, USA). Next, 20 mg of protein from each sample was transferred into a tube containing RIPA, 2ÂSDS sample buffer (7.5 ml each) and DTT (15 mg ml À1 ). The sample was then separated by 10-15% SDS-polyacrylamide gel electrophoresis in running buffer, then transferred to PDVF membrane. The membrane was blocked in a blocking solution (containing 1 mol Tris-HCL 25 ml, 1 mol NaCl 150 ml and Tween-20 500 ml, 5% non-fat milk powder in 1 L) overnight at 4 1C. After the proteins were separated, they are transferred to Whatman paper and incubated in a solution containing the primary antibody that recognizes a region conserved in both mouse XIAP (WT) and human XIAP (1:1500, XIAP antibody mouse, from BD Biosciences, Sparks, MD, USA). After adequate rinsing, the membrane was incubated with the secondary antibody (anti-mouse IgG horseradish peroxidase-linked antibody, 1:10 000, from Vector Laboratories, PI-2000, Burlingame, CA, USA) for a minimum of 1 h. This secondary antibody will cause the targeted bands to be colored in the membrane. The XIAPs (human and mouse) were then quantified by analyzing the bands on the membrane using a method of density analysis in six WT and six TG mice.
Data analyses
The primary focus of the data analysis was to determine whether XIAP overexpression reduced NIHL and cochlear cell death (namely, HCs and SGNs) normally associated with acoustic trauma. For this purpose, we first compared the shift of hearing thresholds measured by ABR between WT and TG mice by an analysis of covariance. Genotype was a fixed factor and frequency a continuous covariate. When a result was statistically significant at the level of ao0.05 or greater, post hoc tests were performed using t-test with the Bonferroni correction. ABR testing was used to verify whether XIAP overexpression reduced hearing loss produced by intense acoustic overstimulation, 1 and 4 weeks after the acoustic overstimulation. HC loss was evaluated by performing cytocochleograms. We did not focus on the pattern of cell death but performed a spatial percentage HC count. Unpaired t-tests were used to evaluate potential differences between the total HC loss for WT and TG groups. SGN and nerve fiber counts were compared across three groups of samples (no-noise control and noise-damaged cochleae from both TG and WT mice) using a one-way analysis of variance. Post hoc tests (t-test) were considered significant if ao0.05. Group data were presented in the form of the mean ± s.e.m.
